ABSTRACT
INTRODUCTION
Among the available sequencing chemistries, cycle sequencing with thermostable DNA polymerases and dye-labeled dideoxy chain terminators is the most versatile because it eliminates the need for specially modified sequencing primers, and it requires only one sequencing reaction for each DNA sample (6, 7) . A major drawback of the dye-terminator chemistry has been the highly uneven peak patterns produced that are dependent on local sequence context and the DNA polymerase used (3, 4) . Recently, two new classes of dye terminators, the dichloro-rhodamine (dRhodamine) dyes and energy transfer dichloro-rhodamine (BigDye) dyes, have become available commercially (2, 5) . These two new classes of dye terminators have improved spectral properties and give much more even peaks in cycle sequencing (5) .
We have conducted a study of peakheight patterns for the dRhodamine dye and BigDye terminators in cycle sequencing. The results are compared to those obtained previously for the "original" dye terminators with AmpliTaq ® DNA Polymerase, FS, which uses a set of rhodamine dyes. As shown below, the peak-pattern trends obtained with these new dye terminators are more predictable than those for the AmpliTaq, FS/rhodamine dye terminators. Knowledge of these trends increases the accuracy and confidence in identifying polymorphisms and mutations in a sequencing trace and makes it easier to edit sequences obtained using these chemistries.
MATERIALS AND METHODS

PCR Amplification and Purification of PCR Products
Human genomic DNA (16 ng) from individuals with known genotypes were amplified in 40-µ L reactions. The polymerase chain reaction (PCR) products were gel-purified and eluted into 50 µ L of water as previously described in detail (3, 4) . The purified PCR product was used directly as sequencing template without further characterization.
Taq -FS Cycle Sequencing with DyeLabeled Terminators
Cycle sequencing was performed on the GeneAmp ® PCR System 9600 (Perkin-Elmer, Norwalk, CT, USA) using the ABI PRISM™BigDye Terminator and ABI PRISM dRhodamine c The cases for a particular window where the 3 ′ base has a peak height of ≤ 1/3 of full scale ( ≤ 13 mm, designated as small).
d The cases for a particular window where the 3 ′ base has a peak height of 1/3-2/3 of full scale (14-26 mm, designated as average). e The cases for a particular window where the 3 ′ base has a peak height of ≥ 2/3 of full scale ( ≥ 27 mm, designated as large).
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to the manufacturer's directions. Briefly, the gel-purified DNA (10.4 µ L) was added to a MicroAmp ® reaction tube (Perkin-Elmer) containing 3.2 pmol of sequencing primer and 8.0 µ L of premixture (containing buffer, dNTPs, dye-labeled ddNTPs and Taq -FS/pyrophosphatase). After the initial denaturation at 96°C for 2 min, the reaction mixture was incubated for 25 cycles at 96°C for 15 s, 50°C for 1 s and 60°C for 4 min. Excess dye-labeled terminators were removed from the extension products by spin column purification (CentriSep ™ spin columns; Princeton Separations, Adelphia, NJ, USA) according to the manufacturer's directions. [Note: The excess dyes can also be removed successfully by ethanol-precipitation, which avoids the labor and expense associated with spincolumn purification.] Once separated, the extension products were evaporated to dryness under reduced pressure (SpeedVac ® ; Savant instruments, Holbrook, NY, USA). Each sample was resuspended in 3 µ L (for dRhodamine dye terminator) or 12 µ L (for BigDye terminators) of loading buffer (5:1 deionized formamide/25 mM EDTA, pH 8.0, 50 mg/mL blue dextran) and heated for 5 min at 90°C. Aliquots (1.6 µ L) of the extension products were loaded onto a Model 377 DNA Sequencer (PE Applied Biosystems) according to the manufacturer's instructions.
Analysis of Sequencing Traces
Homozygous individuals containing each of the alternative alleles for 35 different polymorphic sequence-tagged sites (pSTSs: 70 sequencing traces altogether for each class of dye terminators) were sequenced using the dRhodamine dye terminator and the BigDye terminator. These traces represent all the possible 3-base windows (64 in total), where the middle base in the window is the only variant base in each pair of the sequences. In addition, 20 sets of control sequencing traces that were produced using the dRhodamine dye terminator and the BigDye terminator chemistries were also analyzed to 408BioTechniques Vol. 25, No. 3 (1998) extend and confirm these trends observed in the allelic pairs of sequencing traces to provide a significantly larger sample of each of the 3-base windows. Control sequencing traces were normalized by reanalyzing 3500 data points of the sequencing read using the ABI 377 Analysis Software (PE Applied Biosystems) to produce identical spacing between the traces. To ensure that there is as much uniformity as possible, measurements were taken only from the middle portion (bases 100-200) of the trace. This strategy avoids potential problems that could arise by comparing the weaker peaks toward the end of the sequencing run to the stronger peaks at the beginning of the sequencing run. For each of the 64 possible 3-base windows, the 3 ′ -most base in each window was measured in the context of the two bases 5 ′ to it. In the sequencing traces of this study, a full-scale peak measures 40 mm and represents a strong signal that reaches the top of the panel of the printed sequencing trace. Peaks that are >40 mm in height are off-scale and are represented by peaks truncated at 40 mm. When a 3 ′ -base peak was found to be equal to or less than 1/3 of full-scale ( ≤ 13 mm), it was defined as a small peak. Similarly, when a 3 ′ -base peak was found to be equal to or greater than 2/3 of full-scale ( ≥ 27 mm), it was defined as a large peak. When a 3 ′ -base peak was found to be between 1/3 to 2/3 of full-scale (14-26 mm), it was defined as an average peak. Another way to tabulate the results was to divide the peak heights into quartiles, with 10-mm intervals for our 40-mm, full-scale span. In this case, peaks that measured from 10-30 mm were considered to be in the middle half, while those <20 mm were in the smaller half and those >20 mm were in the larger half.
RESULTS AND DISCUSSION
Analysis of all 3-base windows within the polymorphic STSs (64 windows altogether) revealed several trends that were confirmed by analyzing similar 3-base windows (>20 independent observations of each window except in windows that are less frequently found in the genome, such as NCG, CGN and GAC) in 20 control sequencing traces. The peak patterns produced with BigDye and dRhodamine terminators were highly reproducible and predictable in specific sequence contexts. In this study, if the peak heights of ≥ 85% of all the examples of a 3-base window found among the control sequences fell in a particular range, that window was considered to have a consistent and predictable peak height.
In 28 (44%) out of the 64 possible 3 -base windows among the sequences generated with dRhodamine terminators, by knowing the identity of the two bases 5 ′ to it, one could predict the peak height of the 3 ′ -base consistently as being a small ( ≤ 1/3 full scale), average (>1/3 but <2/3 full scale) or large ( ≥ 2/3 full scale) (Table 1) . Similarly, one could predict the peak height of a particular base in 23 (36%) of the cases when BigDye terminators were used (Table 2) . If one were to expand these arbitrarily assigned bins slightly to include the middle half of the peak heights (>1/4 to <3/4 of full scale), 75% (48 out of 64 possible windows) of the 3 ′ base in both the dRhodamine and the BigDye traces fell within this 412BioTechniques
Vol. 25, No. 3 (1998) Figure 2 . Heterozygote detection by DNA sequencing. The sequencing traces of a 21-base window DNA sequence containing a heterozygous (G/C) base generated from the same PCR product using the original rhodamine dye (top panel), the dRhodamine dye (middle panel) and the BigDye (bottom panel) terminators are shown. Because the G peak is substantially larger than the C peak in this particular case for the sequences derived from the original rhodamine dye terminator chemistry, the base-calling software is unable to detect the underlying C peak at the polymorphic site. In the dRhodamine dye-terminator sequence, the G peak and the C peak are more similar in size, but are still too different in size for the base-calling software to detect the smaller C peak. The G and C peaks are so similar in height for the sequence generated by BigDye terminator chemistry that the base-calling software is able to call the base at the polymorphic site as an N.
range. This confirms the general impression that these terminators gave much more even peaks. Furthermore, as shown in Table 3 , the 3 ′ base in 14 out of the 16 remaining windows among the dRhodamine sequences and 12 out of the 16 remaining windows among the BigDye sequences could be classified as consistently <1/2 full-scale (the smaller half) or >1/2 full-scale (the larger half). It is interesting to note that while 12 of the dRhodamine windows predict peak heights consistently in the smaller half (NAG, NCG, CAA, TAC, TAT and TGA), only 4 of the BigDye windows predict peak heights in the smaller half (CCG, CTC, TAG and TCG). In contrast, only 2 dRhodamine windows predict peak heights in the larger half (AGG and CGG), while 8 BigDye windows do so (ACT, AGG, CAT, CCT, GAC, GCT, TAC and TAT).
Other obvious trends of these two new classes of dye terminators include: ( i ) very few of the peaks are off-scale, ( ii ) all the variable windows (AGT and GGA among the dRhodamine sequences; AGA, CGC, TGC and TTG among the BigDye sequences) predict negligible occurence of peaks less than 1/4 full-scale (data not shown) and ( iii ) the baseline noise was less prominent than that found in the original dye terminators. Figure 1 shows examples of the sequencing traces generated with these terminators as compared with those with the original rhodamine dye terminators. The top panel shows a 62-base section of a sequencing trace generated by the original rhodamine dye terminators. It demonstrates several common peak pattern features of this chemistry, namely, extremely small G peaks in the TAG string, extremely large A peaks in the GGA string and T peaks in the TGT string that are actually off-scale (4). The middle panel shows the same section of sequence generated by the dRhodamine dye terminators. While the G peak in the TAG string is still small, it is twice as tall as the corresponding G peak in the original rhodamine dye-terminator sequence. Furthermore, there are no off-scale peaks in the sequence at all. The bottom panel shows the same section of sequence generated by the BigDye terminators. The peak heights are generally more even in size and, as with the dRhodamine dye terminators, there are no off-scale peaks.
As reported previously, ten 3-base strings among the 64 possible cases give consistently small peaks in sequencing traces generated by the original rhodamine dye terminators (4). In contrast, there were 5 cases with small peaks found among the sequencing traces derived from the dRhodamine dye terminators and only 1 case with small peaks among those from the BigDye terminators. Moreover, while 75% of the peaks consistently fall within the middle half of the peak height range in dRhodamine dye and BigDye terminator sequences, only 44% (28 cases) of the original rhodamine dye terminator sequences fall within the middle half.
An even peak pattern improves the accuracy of base assignment by the base-calling software and makes it easier to spot heterozygous bases in a sequence. Figure 2 shows a AGG to AGC substitution polymorphism found in a heterozygous individual. Because of the significant difference in peak heights between the G and C peaks in the original rhodamine and dRhodamine terminator sequencing traces, the heterozygous C peak is much smaller than the heterozygous G peak, and the base-calling software is unable to recognize the presence of the small heterozygous C peak. In contrast, the two heterozygous peaks in the BigDye terminator sequence are so similar in height that it is designated N, making it an easy task to find the polymorphic base in the sequence. Although peaks in BigDye terminator sequences are more similar in height than those in original rhodamine and dRhodamine terminator sequences in general, heterozygous peaks of disparate heights are still found in a small number of sequence contexts, making it a challenge for the standard base-calling software to identify the heterozygous bases.
In sequencing pSTSs with the rhodamine dye terminators with the AmpliTaq DNA polymerase, we previously found that in addition to the peak height changes at the polymorphic site, changes in the height of bases immediately 3' to the polymorphic site were useful in providing additional evidence for identifying heterozygous bases in a Sho r t Technical Repo r t s sequencing trace (1). Our current study shows that the more even peak pattern of dRhodamine and BigDye terminator sequencing traces makes it easier to identify heterozygous bases without having to rely on changes in the peak height of the 3 ′ base. The improved attributes of these new dye terminators improve the accuracy of the base-calling programs and enhance the power of computer programs designed for automated identification of DNA sequence variations based on peak height variations.
